Melanopsin photopigment displays unique response properties, e.g., long latency, temporal integration, and slow deactivation. Mure et al. identify a cluster of phosphorylation sites and a long cytoplasmic region that interact to contribute to these response properties. Mure et al., 2016, Neuron 90, 1016 
In Brief
Melanopsin photopigment displays unique response properties, e.g., long latency, temporal integration, and slow deactivation. Mure et al. identify a cluster of phosphorylation sites and a long cytoplasmic region that interact to contribute to these response properties.
INTRODUCTION
Melanopsin is an opsin class of photopigment expressed in a few thousand intrinsically photosensitive retinal ganglion cells (ipRGCs) of the inner retina. The central projections of ipRGCs innervate several brain regions and form a framework through which they mediate a myriad of light responses. The ipRGCs participate in both acute and tonic effects of light by mediating non-image-forming (NIF) responses to light, brightness perception, and contrast sensitivity of image-forming vision, as well as light effect on developmental processes and affective and cognitive functions (Brown et al., 2010; LeGates et al., 2012 LeGates et al., , 2014 Nayak et al., 2007; Rao et al., 2013) . Acute ablation of the ipRGCs in adult animals with intact rod/cone function completely abrogates all known non-image-forming visual responses, including circadian photoentrainment, pupillary light reflex (PLR), and light modulation of activity. Despite such wide impacts of melanopsin and ipRGCs, regulation of melanopsin's response properties is largely unknown. Although both rod/ cone photoreceptors and ipRGCs are photosensitive, ipRGC responses are distinct from those of rod/cones. Individual rod photoreceptor cells respond to a single photon with very short latency to respond and fast deactivation, whereas ipRGCs exhibit characteristic long latency to respond, temporal integration of light, sustained response under tonic light stimulation, and slow deactivation.
Rhodopsin and associated signaling molecules are present in high concentrations in a specialized membranous compartment of the outer retina, and they form a structural component of the rod photoreceptor cells as mutations affecting rhodopsin expression or function often lead to photoreceptor degeneration. Melanopsin is present in the ipRGCs at a concentration that is orders of magnitude less than that of rhodopsin (Belenky et al., 2003) , diffusely distributed throughout the soma and dendrites of the ipRGCs in the inner retina, and its lack of expression in Opn4 À/À mice does not noticeably affect melanopsin-expressing retinal ganglion cell (mRGC) cellular architecture (Lucas et al., 2003) . Although dense packing of rhodopsin in rod outer segment likely contributes to fast response properties, molecular genetic studies have revealed the contribution of downstream signaling components. At the C terminus of rhodopsin and other G protein-coupled receptors (GPCRs), a cluster of phosphorylable amino acid (aa) residues undergoes activity-dependent phosphorylation (Gainetdinov et al., 2004) . Phosphorylation alone can limit response amplitude and initiate the deactivation process by forming a high-affinity site for arrestin. Arrestin binding further accelerates deactivation of rhodopsin (Palczewski and Saari, 1997) . The role of arrestin in melanopsin function has been elucidated in the heterologous expression system, where arrestin expression is necessary for deactivation of melanopsin photocurrent (Panda et al., 2005) . This has suggested that melanopsin also may undergo activity-dependent phosphorylation in the C terminus region, which in turn may influence its response properties (Nayak et al., 2007) . Most GPCRs carry several phosphorylation sites, only some of which may be preferentially phosphorylated or may have a dominant role in response properties. Mouse melanopsin harbors 39 phosphorylable aa in the C terminus region (Provencio et al., 1998) . However, very little is known about which sites are phosphorylated and whether they have functional relevance to melanopsin photoresponse (Blasic et al., 2012 (Blasic et al., , 2014 Fahrenkrug et al., 2014; Sexton and Van Gelder, 2015) .
Here we report the identification of activation-dependent serine/threonine (S/T) phosphorylation of melanopsin. A highly conserved cluster of nine S/T sites residing within aa 380-397 region of melanopsin contributes to response deactivation. The region beyond aa 397 is poorly conserved among melanopsin from diverse organisms, yet deletion of this region accelerates deactivation. Expression of melanopsin mutants with altered phosphorylation sites or C terminus truncation in the native ipRGCs, electrophysiological analyses of mRGC responses, and behavioral analyses of mice expressing mutant melanopsin reveal phosphorylation affects response latency, threshold sensitivity, deactivation rate, and reproducibility of melanopsin photoresponses. These functional alterations in mRGCs' electrical response also extend to behavioral responses to light.
RESULTS

Melanopsin C-Terminus Region Determines Response Duration
We hypothesized that the unusually long C-terminal cytoplasmic region (CCR, residues 364-521), which is unique to melanopsin among opsin proteins and shows limited homology with other GPCRs ( Figure 1A ), contributes to the characteristic melanopsin response properties (Blasic et al., 2012; Fahrenkrug et al., 2014) . To functionally characterize this cytoplasmic region, we generated truncated versions of mouse Opn4 and assessed their activity using a Xenopus oocyte photocurrent assay (Panda et al., 2005) . Truncated versions of Opn4 contained either the first 380 or 397 aa (Opn4 380D or Opn4
397D
), which included the seven-transmembrane opsin region, chromophore interaction sites, and residues critical for G protein interaction (Arendt et al., 2004; Nayak et al., 2007) . Full-length (Opn4 WT ) or truncated Opn4s were expressed with beta arrestin and light-induced depolarization of Xenopus oocytes was measured (Panda et al., 2005) . In response to a 30-s pulse of saturating white light (1,000 lux), all Opn4 constructs produced comparable peak photocurrents ( Figure 1B ), suggesting the region C-terminal to residue 380 plays only a minor role in the intrinsic photosensitive properties of melanopsin. However, upon cessation of the light stimulus, photocurrents from Opn4 380D , but not Opn4 397D , showed slow turn off. This slow turn off was comparable to deactivation kinetics of Opn4 WT in the absence of arrestin ( Figure 1B ; Panda et al., 2005) , suggesting that aa 381-397 of mouse Opn4, which are highly conserved between melanopsins of diverse species ( Figure 1C ), contribute to response termination of photoactivated melanopsin.
Activity-Dependent Phosphorylation of Melanopsin
GPCRs including rhodopsin undergo activity-dependent phosphorylation of the C-terminal region. This leads to interactions with arrestin, followed by deactivation (Gainetdinov et al., 2004) and then regeneration of the receptor. Structure-function relations of several GPCRs have been studied extensively in mammalian tissue culture systems, and melanopsin expression in mammalian cells renders photosensitivity (Jones et al., 2013) . Therefore, to test for potential activation-dependent phosphorylation of melanopsin, we transfected Opn4 WT or truncated forms of Opn4 into mammalian HEK cells. Expression of functional photopigment was verified using light-dependent acute increases in intracellular Ca 2+ (Pulivarthy et al., 2007 Figure 1D ). Phosphopeptide mapping by thin-layer chromatography revealed light-dependent S/T phosphorylation of OPN4 WT ( Figure 1E ). Although full-length melanopsin protein contains several tyrosine residues (Provencio et al., 1998) , tyrosine phosphorylation was not detected. Thus, photoactivation leads to S/T phosphorylation of the C-terminal region (aa 380-521). Further examination of sequence homology within this region revealed a much shorter region (aa 381-397) contains nine S/T residues that are highly conserved among melanopsin proteins, from species sharing $90 million years of evolutionary history ( Figure 1C ), and likely are important for melanopsin response properties.
To determine whether phosphorylation of the 381-397 S/T cluster of mouse Opn4 is functionally important, we generated mutant versions of OPN4 in which S/T resides within the 381-397 region were replaced with alanine (A), which cannot be phosphorylated ( Figure 2A ). These proteins were expressed in CHO cells and light-dependent (488 nm; 500-mW excitation laser) increases in cytosolic Ca 2+ were monitored (Pulivarthy et al., 2007) . Response magnitude and duration were increased in cells expressing the phosphorylation-defective version of Opn4 (Figures 2B and 2C;  Figure S1A ). The Opn4 397D mutant showed a shorter response, whereas Opn4 9A397D resulted in a lengthened response similar to Opn4
9A
. These data indicate that phosphorylation of these S/T aa plays an important role in shaping OPN4 response properties (Figures 2B and 2C) . In general, the cumulative addition of S/T mutations from proximal to distal residues (1A to 9A; see Figure 2A ) produced an additive effect on peak response (R 2 = 0.89, p < 0.0001) and response duration (R 2 = 0.92, p < 0.0001) ( Figure S1B ). However, mutation of some residues seemed to induce an extra-additive effect. We thus generated Opn4 variants in which the three proximal, intermediate, or distal S/T residues were mutated to A (3A N , 3A i , and 3A C , respectively). Mutations 3A N and 3A i induced significant increases in peak amplitude and duration, whereas the 3A C cluster of mutations resulted in opposite effects (Figures 2D-2F ; Figure S1C ). This implies that position-specific phosphorylation events help to shape response properties.
Functional Expression of Melanopsin in the Mouse Retina
To assess the functional relevance of potential phosphorylation on melanopsin response properties in the retina, we used intravitreal delivery of recombinant adeno-associated virus (rAAV) vectors for expressing melanopsin primarily in the RGC layer of the mouse retina (Lin et al., 2008) . As ipRGCs also transmit signals initiated by rods and cones (Wong et al., 2007) , it was important to eliminate interfering effects of outer retina rod/cone photopigments, as well as endogenous melanopsin. Thus, rd;Opn4 À/À mice (an Opn4-deficient strain with extensive outer retina degeneration that shows no measurable ocular photoresponse [Panda et al., 2003] , including PLR or circadian photoentrainment) were used for these analyses. The loss of melanopsin protein in Opn4 À/À mice does not profoundly alter the central projections of mRGC axons to the SCN or OPN, which exclusively receive mRGC input (Hatori et al., 2008 (E) Phosphopeptide-digested products from light-activated melanopsin separated by thin-layer chromatography showed phosphorylation primarily at S and, to a lesser extent, at T sites.
cycle ( Figure 3A ). After 1-2 weeks of intravitreal delivery of Opn4 WT , circadian rhythms of locomotor activity of rd;Opn4
mice entrained to the imposed 12-hr light:12-hr dark cycle ( Figure 3A) , with activity onset aligning with the onset of darkness. These mice also exhibited PLR (discussed later) and characteristic lengthening of circadian activity rhythms under constant light ( Figure S2A ). Expression of an Opn4 mutant lacking the Schiff's base (i.e., Opn4 K337A in which lysine 337 is mutated, thus preventing the covalent binding with its retinal chromophore) failed to restore photosensitivity ( Figure 3A ), implying the newly acquired photosensitivity in mice expressing other constructs reflects function of a chromophore-bound and functionally active melanopsin. Mice with acute ablation of mRGCs lack PLR and circadian photoentrainment (Hatori et al., 2008) . Ectopic expression of Opn4 WT in mice specifically lacking ipRGCs (Opn4 Cre ;iDTR mice conditionally express the diphtheria toxin receptor in mRGCs, which are selectively excised upon diphtheria treatment) did not restore PLR or circadian photoentrainment ( Figures S2A and S2B ), although melanopsin expression and photosensitivity were imparted to surviving RGCs. Altogether, these results imply that melanopsin expression within the ipRGCs restored behavioral photosensitivity in rd;Opn4 À/À mice. As such, the rescue of photosensitive behavior can report functional expression of melanopsin in ipRGCs.
Following the induced expression of several mutant forms of OPN4 (either truncated or phosphorylation defective), rd;Opn4 deactivation ( Figure S3A ). This is similar to photoresponses of rd retinas expressing native melanopsin.
Melanopsin Phosphorylation Determines Sensitivity and Response Latency
To systematically assess contributions of the OPN4 C terminus region (and associated phosphorylation events) to photoresponses, retinas expressing WT or mutant forms of Opn4 were recorded on multi-electrode array (MEA) while stimulated with a series of light pulses of increasing duration. As ipRGCs temporally integrate light (Lucas et al., 2014) , the dim irradiance level and the range of stimulus durations allow systematic measurement of threshold, response latency, response duration, and peak responses (Do et al., 2009; Tu et al., 2005) Figure 3B ). As light duration was increased to 1 or 10 s, an increasing number of cells fired, approaching 100% (except for Opn4 9A -expressing cells, for which 65% responded to 10 s of dim light) ( Figures 3B and 3C ). Conversely, as the light-pulse duration was reduced to 10 ms, only Opn4 9A -expressing cells exhibited a response ( Figure S3A ; n = 14/125). The latency to respond (i.e., the time between stimulus onset and the initiation of action potentials) to a stimulation is determined by how fast the cell membrane potential reaches the firing threshold. Retinas expressing Opn4 WT or Opn4
397D
(i.e., versions of Opn4 with preserved phosphorylation sites) showed comparable latencies to respond when presented with a 100-ms stimulus ( Figures 3D-3G ). Mutants with decreasing numbers of phosphorylable S/Ts (increasing number of A mutations) showed progressively reduced activation latency. For example, Opn4 9A responded >2-fold faster than Opn4 WT (Figures 3D and 3F) . Then, the response latency reduced and remained comparable for the 1-, 10-, and 60-s stimulations (Figures 3F and 3G) . These experiments demonstrated that melanopsin phosphorylation determines the sensitivity and latency of ipRGCs to respond to light.
Melanopsin Phosphorylation Determines Response Magnitude and Duration
As found earlier using cell-based assays ( Figures 2B and 2C ), response durations for retinas expressing OPN4 proteins with increasing numbers of substituted non-phosphorylable As were proportionally increased ( Figure 3H ; Figure S3C ) compared with Opn4 WT . For Opn4 9A , the response to a 1-s stimulation lasted >200% longer than seen with Opn4 WT ( Figure 3H ). Since the first cluster of S/T residues (S381, S384, and T384) contributed to response properties in CHO cells (see mutant Opn4 3An , Figure 2F ; Figure S1C ), we expressed Opn4 S381D,S384D (or Opn4 2D a mutant where serine residues 381 and 384 have been replaced by phosphomimetic aspartate [D] ) in the retina, resulting in a reduced response duration ( Figure 3I ). The magnitude of response, defined by the peak spiking rate (Figures 3D and 3E) , and the total number of spikes (discussed below) also were changed in phosphorylation site mutants. This suggests that phosphorylation events within the 380-397 region contribute to the melanopsin response duration and magnitude. WT. In the oocyte system, such prolonged response also was observed from Opn4 WT in the absence of co-expressed arrestin ( Figure 1B) , which is known to deactivate GPCRs upon their phosphorylation. We reasoned that if the phosphorylation of a site beyond residue 397 participated in deactivation, response durations for Opn4 397D would be increased, as seen in mutants with non-phosphorylable S/T sites or in Opn4 380D mutant. Alternatively, if this region negates deactivation, deletion of the 397-521 CCR would accelerate deactivation and reduce response duration. In fact, photoresponses of Opn4 397D -expressing retinas were short compared with WT both in heterologous expression systems ( Figures 1B and 2B ) and in the retina ( Figure 3I ; Figure S3D ). A parsimonious explanation for this result is that the majority (if not all) of functionally relevant phosphorylable sites for deactivation reside within the 380-397 region. The 397-521 region slows deactivation by either recruiting a molecule that negates deactivation or by steric hindrance of the signal-termination process. We cannot rule out the possibility that this delayed deactivation by CCR involves some post-translational modification including phosphorylation in this region.
Electrical and Behavioral Consequences of Melanopsin Phosphorylation in the ipRGCs
Although mice lacking specific phosphorylable sites in rhodopsin show changes in single-photon responses (Doan et al., 2006; Mendez et al., 2000) , no significant change in behavioral visual response has been reported in these mice. We wanted to test the functional relevance of melanopsin phosphorylation in the native ipRGCs' electrical responses as well as in whole animal's behavioral response. We re-packaged key mutants into Credependent AAV expression cassettes and introduced them into the retinas of rd:Opn4 cre/cre mice (a mouse strain with extensive outer retina degeneration and where targeted integration of Cre results in the loss of melanopsin [Hatori et al., 2008] ). This resulted in the specific expression of OPN4 proteins in ipRGCs.
Immunostaining for OPN4 detected characteristic ipRGCs with wide dendritic fields ( Figure S5A ). Conditional expression of OPN4 in native ipRGCs rescued circadian photoentrainment of rd:Opn4 cre/cre mice ( Figure S2 ). To verify the validity of our approach, we first compared electrophysiological responses of rd mice expressing native OPN4 with rd:Opn4 cre/cre mice injected with AAV DIO Opn4 WT (the double-floxed inverted ORF [DIO] must be recombined to be functional and expression is achieved only in CRE-expressing cells). Indeed, these two groups of mice exhibited no differences with respect to latency, duration, and irradiance response curves under different intensities and duration of light stimulation (488 nm; Figures S3E and S5F-5H) . Figure S6C ). The IRC for firing rate showed characteristic sigmoid curves for Opn4 WT , Opn4
9A
, and Opn4 397D ( Figure S6C ). However, as seen previously, the IRCs confirmed increased sensitivity of Opn4 9A mutant to light.
Interestingly, when we examined separately the dose-response curves for duration and number of spikes, the Opn4 WT retina showed characteristic sigmoid curves for both parameters, implying with increasing irradiance the ipRGC attain steady state for number of spikes and response duration. In contrast, in retinas expressing Opn4 9A , the number of spikes followed a sigmoid curve, whereas the response duration to increasing irradiance was best fit by a linear function ( Figure 5D ).
Opn4
397D showed the opposite results; duration and number of spikes were fit by sigmoidal and linear functions, respectively ( Figure 5E ). are shown (average values ± SEM, F-I). For detailed statistics see Table S1 . 
DISCUSSION
In summary, we identified structural components of melanopsin contributing to the unique photoresponse properties of ipRGCs and the dependent behavioral adaptation to light. Although qualitatively phosphorylation contributes to response properties of both rhodopsin and melanopsin, there are specific features unique to melanopsin. By systematic structure-function studies in non-native cells and functional expression of melanopsin mutants in the retina, we reveal an unanticipated unique role for the melanopsin CCR in endowing the photopigment with properties suitable for its biological function. The results can be explained by a simplified version of the insect rhodopsin regeneration cycle (Kiselev and Subramaniam, 1994) , where light activation of melanopsin photopigment Ma (or extramelanopsin E [Emanuel and Do, 2015] ) generates signaling meta-melanopsin, M*, which, upon phosphorylation and possibly binding to arrestin, becomes inactive meta-melanopsin, Mi. Mi, upon dephosphorylation, may recycle into the native melanopsin, Ma. (Figure 4H ). Among these forms of melanopsin photopigments, M* can support high-efficiency G protein activation. After reaching a critical threshold of activated G protein and downstream signaling, the cell begins to fire action potential. Consequently, the rate of accumulation and deactivation of the M* pool through phosphorylation shapes the cellular response to light. A fraction of the signaling pool M* may be photoisomerized back into activatable Ma (or E) form before being phosphorylated and inactivated.
With this model, upon sub-saturating stimulation (<1 s, 5.10 12 photons/cm 2 /s in our experiments) the latency to respond would be determined by how fast the photoactivated signaling melanopsin (M*) pool reaches the firing threshold. If phosphorylation is a dominant factor in deactivation of M* and if it occurs within sub-second speed, mutants lacking functionally relevant phosphorylation sites would have slow deactivation rates. Slowing photopigment deactivation increases the pool of activated and signaling-ready photopigment, thus making it more likely that a cell fires an action potential in response to a short, dim flash of light. This shortens the latency to respond ( Figure 3E ) and increases sensitivity in response to dim flashes of light ( Figure 3A ; Figure S7 (Figures 4B and 4C ; Figures S6D and S6E ).
Extending the stimulation duration resulted in the system reaching a steady state (after the initial peak response), where the available pool of photopigment is determined by regeneration of M*. In this case, lack of phosphorylation would increase the length of the response, thereby delaying recycling. Consequently, under prolonged illumination, mutants with enhanced sensitivity to dim flashes (Opn4 9A , Opn4 380D , and Opn4
9A397D
) turned over slowly, slowing the discharge rate in response to 60 s of light ( Figure 4A ; Figures S6A and S6B ) and preventing the animal from responding appropriately (Figures 4B and 4C ; Figures S6D and S6E ). In contrast, the phosphomimic Opn4 2D displayed a shorter response duration (Figures 3E and 3I; Figure S3C) , which can be explained by an increased deactivation rate. An important finding of this study is that melanopsin with intact phosphorylable residues within the 380-397 region but truncated at aa 397 didn't show delayed termination, suggesting the presence of a majority of deactivation-relevant S/T contained within aa 397. Indeed, deactivation is even accelerated in the Opn4 397D mutant. The results from the irradiance-dependent experiment also support the notion that the lack of phosphorylation in Opn4 9A delays signal termination, resulting in linear increases in response duration with increasing irradiance. This would limit melanopsin regeneration, resulting in the rapid saturation of the number of spikes and unreliable deactivation, which is reflected in the large variability of response persistence ( Figure 6A ). For Opn4 397D , earlier signal termination (soon after light off and independent of irradiance; Figures 6B and 7; Figure S7 ) may initiate a faster and earlier regeneration cycle, resulting in a larger available pool of active melanopsin. As a result, the number of spikes linearly increased and coded for the entire range of stimulation intensity; however, persistence (and thus total response duration) didn't vary anymore, compromising signal integration.
Finally, the long C terminus, as well as phosphorylation sites within this region, contributes to major aspects of response dynamics of ipRGCs (i.e., threshold sensitivity, peak response, deactivation rate, and precision). Although arrestin can bind to and terminate signaling from GPCRs in the absence of phosphorylation (Xu et al., 1997) , slow signal termination in mutants lacking phosphorylable residues even without expression manipulation of arrestins indicates that phosphorylation within aa 380-397 is important for melanopsin deactivation and subsequent regeneration of excitable photopigment. As with rhodopsin (Mendez et al., 2000) , light-induced phosphorylation of clusters of phosphorylable sites within the aa 380-397 region of melanopsin accompanies deactivation and results in precise and reproducible deactivation ( Figure 6A ). However, rhodopsin is deactivated within milliseconds, whereas melanopsin deactivation is extremely slow, often taking several seconds for the cellular and behavioral responses to return to baseline ( Figures  4A and 4B) . Furthermore, the deactivation duration of ipRGC response encodes stimulus intensity (Berson et al., 2002) . Encoding stimulus intensity in post-stimulus deactivation duration may be important for melanopsin-mediated photoresponses including PLR (Lucas et al., 2003) . Pupil dilation after a bright light pulse takes longer time than after a dim light pulse (Mure et al., 2009) . Such response enables the animal to be better prepared with a relatively constricted pupil if a subsequent pulse of bright light is presented, and thereby constitutes a mechanism to buffer against transient noise in light intensity in natural condition.
Major differences between rhodopsin and melanopsin are the length of melanopsin past the phosphorylable clusters and the relatively sparse abundance of melanopsin protein and downstream signaling molecules within the ipRGCs. This long CCR is largely responsible for delayed deactivation and uncoupling the deactivation rate from stimulus intensity ( Figure 6B ), so that the persistence length encodes stimulus intensity ( Figure S7 ). Such a structural specialization might suit melanopsin function in ipRGCs, whose cellular environment is different from the highly specialized and dedicated function of rod and cone photoreceptors that are densely packed with photopigment and signaling molecules. We hypothesize that a long CCR limits access of downstream molecules to photoactivated melanopsin (via steric hindrance), thereby buffering the stochasticity of the local environment. It is likely that the stoichiometry of other components of the phototransduction cascade, like G protein receptors kinase (GRKs) and beta arrestins, provide another means of modulating deactivation, a potential mechanism that merits further study Sexton and Van Gelder, 2015) . Such slow deactivation also enables the temporal summation of signals. Indeed, sustaining the M* state of individual melanopsin molecules increases the probability of signal summation over the entire cell and increases the probability of reaching the firing threshold. This mechanism adds another dimension of signal amplification/gain to the G protein amplification cascade, consistent with the idea (Do et al., 2009 ) that melanopsin compensates for low photon capture, allowing most of the light to activate signaling cascades associated with visual photoreception.
EXPERIMENTAL PROCEDURES
Xenopus Oocytes Preparation and Electrophysiological Recordings We followed the method described in Panda et al. (2005) . In a typical experiment, a mixture containing 0.2-1.0 ng each of in-vitro-transcribed and capped mRNA encoding mouse melanopsin (mOpn4), mouse Gaq (mGnaq), mouse arrestin 2 (mArr2), and mouse Trpc3 was injected to stage IV Xenopus oocytes. After incubation in dark at 18 C for 24-48 hr, oocytes were injected with 50 nl of 50 mM BAPTA, incubated with 11-cis or all-trans retinal for up to 5 min, and whole-cell currents elicited in response to light pulses were recorded.
Peptide Mapping and Phosphoamino Acid Analysis
Cell Culture and Protein Expression HEK293 cells were grown in DMEM (10-cm dish) supplemented with 10% (v/v) fetal bovine serum in a humidified incubator at 37 C in 5% CO 2 . Cells were transfected with mOpn4 cDNA and lipofectamine 2000 reagent according to the manufacturer's protocol. Transfected cells were kept in the dark for 24 hr before metabolic labeling.
Metabolic Labeling of Cells
Under dim red light, 24-hr transfected cells were washed twice with phosphate-free DMEM and grown in phosphate-free DMEM supplemented with 10% (v/v) dialyzed fetal calf serum and 1 mCi/ml [ 32 P] orthophosphate for 16 hr in a humidified incubator at 37 C in 5% CO 2 . For short-time labelings, 38-hr post-transfected cells were processed as above and labeled for 2 hr.
Light Stimulation and Protein Immunoprecipitation
Light unstimulated and stimulated (10 min room light) cell samples were washed twice with Tris-buffered saline under dim red light and lysed in radio-immunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors. Samples were centrifuged at full speed for 20 min at 4 C, and supernatants were incubated with 80 ml melanopsin antibody coupled to protein A sepharose beads for 4 hr at 4 C. Beads were collected by centrifugation at full speed and washed three times with ice-cold RIPA buffer. Samples were mixed with 80 ml 23 SDS sample buffer with 2% DTT and heat at 65 C for 5 min. Peptide Mapping and Phosphoamino Acid Analysis Immune complexes were resolved by 10% SDS-PAGE, vacuum dried with heat (80 C), and analyzed by autoradiography. The phosphorylated bands corresponding to melanopsin were exercised from gel, eluted with elution buffer, and subsequently digested with trypsin plus thermolysine. Phosphopeptides were separated in two dimensions on 100-mm cellulose thin-layer plates by electrophoresis at pH 1.9 (50 parts 88% formic acid, 156 parts glacial acetic acid, and 1,794 parts water) for 25 min at 1 kV and subsequently to ascending chromatography (150 parts glacial acetic acid, 500 parts pyridine, 600 parts water, and 750 parts n-butanol). Phosphopeptides were visualized by autoradiography at À70 C. For further analysis, the phosphopeptides were hydrolyzed by 6 N HCl for 60 min at 110 C, lyophilized, and resolved with stainable standards (phosphoserine, phosphothreonine, and phosphotyrosine) in two-dimensional electrophoresis at 1.2 kV (van der Geer and Hunter, 1994) .
Mutant Melanopsin Clones
Mouse WT or mutant melanopsin was cloned into pAAV-EF1a-double-floxedhChR2(H134R)-mCherry-WPRE-HGHpA (Gradinaru et al., 2010) by using AscI and NheI restriction enzyme sites. The constructs were packaged into AAV2.2 serotype virus at the Salk Institute virus core following standard protocol. Viruses with high titer were used for intravitreal injections following published method (Lin et al., 2008) .
Immunohistochemistry
For flat mount, adult mice were sacrificed and the eyes were removed quickly and placed into aerated Ames medium (Sigma-Aldrich). After removal of the corneas and lenses, eyecups were fixed in 4% paraformaldehyde for 15 min. Following three washes in PBS, retinas were dissected from eyecups, stretched onto filter paper, and processed in 24-well plates. The retinas were incubated in a blocking solution (0.3% Triton X-100, 5% normal donkey serum, and 0.5% glycine in PBS) for 1 hr at room temperature. After three washes in PBS, the retinas were incubated in a 1:5,000 dilution of rabbit anti-OPN4 antiserum (The Salk Institute Anti-mOpn4, Research Resource Identifier (RRID): AB_2571553) against a peptide consisting of the 15 N-terminal aa of mouse melanopsin (Hatori et al., 2008) ) were treated with trypsin and seeded onto poly D-lysine-coated Costar 384-well plates (12,000 cells/well) and incubated overnight in serum-free medium. For most experiments, 2 hr prior to assay, the cells were exposed to $1,000-lux light from a white fluorescent light source at room temperature for 1 hr. Cell medium was removed and cells were washed once with 70 ml assay buffer (Hank's balanced salt solution supplemented with 20 mM HEPES, 2.5 mM probenecid, and 0.05% BSA). Cells were loaded with calcium indicator Fluo-4 AM (Molecular Probes) using a MultiDrop fluid dispenser, incubated for 1 hr at 37 C in a CO 2 incubator, and then washed three times with assay buffer. Light-induced increase in fluorescence was measured as descried earlier (Jones et al., 2013; Pulivarthy et al., 2007) . Cre/Cre (RRID: MGI_3798479) mice was described previously (Hatori et al., 2008; Panda et al., 2002 Panda et al., , 2003 
AAV2/2 Virus Production and Intraocular Injection
These constructs are packaged into AAV2 serotype virus at the Salk Institute virus core. The packaged viruses were concentrated and purified in PBS and intravitreally administered as described in Lin et al. (2008) .
Mice Locomotor Activity Measurement
Daily locomotor activity of mice individually housed in wheel-running cages was measured following standard method (Siepka and Takahashi, 2005) . Typically, 6-to 10-week-old mice in the cages were placed inside light-tight boxes with independent illumination. During the light phase, the mice received $150 lux of white light from fluorescent light source. Wheel-running activity in 5-min bins was continuously collected and later analyzed by ClockLab software (Actimetrics). All routine animal husbandry care during the dark phase was performed under dim red light.
PLR
Mice were implanted with an acrylic headpost. After at least 1 week of recovery from the headposting surgery, they were tested for PLR. Before the recordings, mice were briefly anesthetized with isofluorane and restrained in a custom-made animal holder. The animal holder was placed inside a light-tight box with the left eye apposed against an opening of an integrating sphere. Light from a 300 watt Xenon Arc lamp light source (Sutter Instrument) was filtered, collimated, and delivered to the integrating sphere through a liquid light guide. An inline 480-nm filter, a filter wheel with a neutral density filter, and a Lambda 10-3 optical filter changer with SmartShutter were used to control the spectral quality, intensity, and duration of light. Light intensity was measured with a Melles Griot power meter. The mouse's right eye was illuminated by an infrared (IR) light-emitting diode (LED) and recorded with a highprecision LINX video camera (Imperx) equipped with an IR filter at a sample rate of 7 Hz. We recorded 5-min sequences consisting of 1 min of darkness, 1 min of monochromatic 480-nm light (5.5 3 10 12 ph/cm 2 /s), and finally 3 min of darkness. Stimulations and recordings were synchronized with a custom Labview (National Instruments) program. Digital movies of pupil constriction then were analyzed offline with a custom MATLAB program. We extracted the pupil diameter. The mean diameter measured during the first period of darkness (1 min) of each sequence served as the baseline for normalization of the recordings.
MEA Recording
After removal from the eye, a patch of retina about 4-10 mm 2 was mounted on an MEA (Multichannel Systems), ganglion cell side down, and it was perfused with oxygenated Ames' medium at 35 C, supplemented with 20 mM CNQX and 50 mM D-APV to block glutamatergic transmission. The activity of ganglion cells was recorded via 256 electrodes 30 mm in diameter spaced every 100 mm apart and arranged in a 16 3 16 square grid (Multichannel Systems). Full-field visual stimuli were presented during recordings using a high-brightness LED (LuxeonStar 5) with a peak wavelength of 480 nm. Two types of light-stimulation protocols were used: one with a constant irradiance (5.10 12 photons/cm 2 /s) and increasing duration of light (10 ms, 100 ms, 1 s, 10 s, and 60 s) and the other with 1-min stimuli of increasing irradiance (5.10 10 photons/cm 2 /s to 5.10 13 photons/cm 2 /s). The current through the LED was controlled using custom electronics and software written in MATLAB (MathWorks) and aligned with the physiological recording with a resolution of ±100 ms. Signal was acquired from all 256 channels at 10 kHz. Negative thresholds for spike detection were set at five times the SD of the noise on each channel. Spike cutouts, consisting of 1 ms preceding and 2 ms after a suprathreshold event, along with a time stamp of the trigger were written to hard disk. For each electrode, these spike cutouts were sorted into trains of a single cell after recording using Offline Sorter (Plexon). Data analysis and display were performed using Neuroexplorer (Plexon) and custom software written in MATLAB. 
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